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  This dissertation focuses on gas hydrate decomposition phenomena at the view point of decomposition kinetics, interfacial heat 
and mass transfer, and high spatiotemporal measurement with laser interferometry. The overall goal in this dissertation is quantitative 
measurement of transient heat and mass transfer phenomena in the vicinity of gas hydrate decomposition interface and elucidation of 
rate-determining process. This goal contributes to achieve the integrated understanding of decomposition rate and heat and mass 
transfer phenomena and the clarification of the rate-determining process, which are important to elucidate the decomposition 
mechanism and develop precise numerical models of the decomposition phenomenon in the engineering applications of gas hydrates.  
 To clarify gas hydrate decomposition phenomena at the view point of decomposition kinetics and interfacial heat and mass transfer 
effects, the novel measurement and evaluation technique with the special optical measurement system are developed. A high-speed 
phase-shifting interferometer is proposed to measure the transient heat and mass transfer in the vicinity of solid–gas interface. 
Transient heat and mass transfer in the vicinity of the hydrate decomposition interface is quantitatively measured and the 
rate-determining process of methane hydrate decomposition is estimated. The main findings and conclusions in this dissertation are 
summarized as follows. 
 In Chapter 1, the general introduction and background of the study are explained. The problem definition and the main objectives 
are summarized. Modern energy problems, research history and trend on gas hydrate, issues with methane gas production from 
methane hydrates, challenges in developing gas hydrate decomposition models, and measurement techniques for gas hydrate 
decomposition are summarized. As a consequence, the remaining challenges, objectives and contents of this dissertation are described. 
 In Chapter 2, a decomposition model that takes into account the effect of heat and mass transfer is constructed based on the 
decomposition model proposed by Clarke and Bishnoi. In the decomposition model, hydrate particles are covered with methane gas, 
and the driving force for decomposition is defined as the difference between the fugacity of methane at the equilibrium and the that of 
methane in the gas phase. Therefore, information on the concentration or temperature near the solid–gas interface between the gas 
hydrate and the bulk gas phase are important information for understanding the mechanism of gas hydrate decomposition. Hence, this 
dissertation focuses on hydrate decomposition in the gas phase. The relationship between the reaction rate constant and the mass 
  
transfer coefficient is verified by using an arbitrary activation energy. One clear finding is that methane mass flux changes particularly 
significant at the boundary between approximately 40 to 60 kJ/mol activation energy. The validity of the optical measurement of the 
methane hydrate decomposition is evaluated with the constructed model. 
 In Chapter 3, a high-speed phase-shifting interferometer is constructed to measure transient heat and mass transfer in the vicinity 
of interface. The transient density distribution caused by heat conduction near a gas–liquid interface during depressurization process is 
quantitatively measured by means of proposed high-speed phase-shifting interferometer. The proposed approach allows for the 
measurement of transient heat transfer near the gas–liquid interface. As per visualization of the transient density variation in the form 
of interferometric fringes, it is observed that the thermal boundary layer due to pure diffusion by thermal conduction is disturbed at 
around t = 0.25 s, and subsequently, convection near the interface is observed. The transient heat transfer is purely due to diffusion by 
thermal conduction at about 0.20 s after depressurization, and it is concluded that the heat conduction equation considering pressure 
change can be applicable to this experimental system. This conclusion is supported by the agreement between numerical calculation 
and experimental results. The proposed measurement system suffers from issues such as measurement and synchronization for 
high-speed pressure variation. With these issues addressed, the proposed measurement and analytical method can enable the 
visualization of high-speed transport phenomena and quantitative measurements of the interfacial temperature and concentration 
variations. 
 In Chapter 4, the transient heat and mass transfer near a solid–gas interface during the methane hydrate decomposition process is 
quantitatively measured by means of the high-speed phase-shifting interferometer. The rapid decomposition and the associated mass 
transfer of methane gas are quantitatively measured with high temporal and spatial resolutions of 1 ms and 3.88 μm/pixel. 
Temperature and pressure control systems are developed to control gas hydrate formation and decomposition precisely. The 
synchronization problem of high speed camera and pressure measurement is broken through by applying measurement methods using 
FPGA (Field Programmable Gate Array). The high-speed phase-shifting interferometer is applied to the measurement of the hydrate 
decomposition process, and it is confirmed that transient density variations occurred near the hydrate interface after depressurization. 
The variation of optical path length difference near the interface is caused by temperature and methane concentration change. The 
rate-determining process of the hydrate decomposition is evaluated by comparing the experimentally measured values and the 
numerical results using the decomposition model proposed in Chapter 2. The methane hydrate decomposition phenomenon is 
assumed to proceed at near reaction-limited condition. The mass transfer resistance in the vicinity of the solid–gas interface is found to 
be small in the decomposition of methane hydrate in the gas phase, and it can be estimated that methane mass transfer is not governed 
by diffusion process. 
 In Chapter 5, methane hydrate decomposition interface is visualized qualitatively, and the decomposition time and 
rate-determining process are evaluated by the proposed decomposition model in Chapter 2. Methane hydrate is formed around a water 
droplet and irregularities are confirmed on the hydrate interface. In decomposition with depressurization of gas phase, decomposition 
time changes according to driving force due to pressure difference between equilibrium pressure and gas phase pressure. Compared 
with the numerical values by the decomposition model, methane hydrate is estimated to decompose with the activation energy of 61 
kJ/mol. It can be concluded that the hydrate decomposition proceeds as a reaction-limited condition. Abrupt shape changes of hydrate 
surface are observed when the pressure is reduced near the equilibrium pressure and irregularities existed at the interface. The 
temperature and concentration distributions near the interface are estimated using the numerical model. It is considered that the 
decomposition is affected by the interfacial configuration and the distributions of temperature and concentration near the interface. 
However, the temperature and concentration distributions near the interface affect the variation of decomposition rate at the interface, 
but not the rate-determining process in the decomposition under experimental conditions. 
 In Chapter 6, the transient heat and mass transfer during CO2 hydrate decomposition is quantitatively measured. The evaluation 
methods of rate-determining process constructed in this dissertation is applied to decomposition of CO2 hydrate. CO2 hydrate 
decomposition is estimated to proceed in reaction-limited condition as same as methane hydrate decomposition. It is revealed that the 
evaluation methods of rate-determining process by measuring the interfacial heat and mass transfer and the decomposition model with 
variable activation energy can be applied to other gas hydrate decomposition phenomena. In addition, it is estimated that in the 
decomposition in the gas phase of structure I hydrate, the mass transfer resistance in the vicinity of the solid–gas interface is small, and 
it can be estimated that the mass transfer of dissociated gas is not governed by gas phase diffusion. 
 In Chapter 7, the conclusion obtained from each chapter are summarized. In this dissertation, the overall objectives described in 
Chapter 1 are achieved in each chapter. The decomposition model taking into account the effect of heat and mass transfer is 
constructed, and the rate-determining process can be estimated by evaluating the correlation between the reaction rate constant and the 
mass transfer coefficient. The measurement system for transient heat and mass transfer phenomena near the interface with high 
spatiotemporal resolution is established and applied to methane hydrate decomposition. It is evaluated that the effect of gas diffusion in 
the gas phase during decomposition is small and the decomposition proceeds in a reaction-limited condition. In addition, it is 
suggested that the shape of the methane hydrate interface causes the distributions of temperature and concentration near the 
decomposition interface, which affects the decomposition rate but not the rate-determining process in the decomposition under the 
studied experimental conditions. Furthermore, the transient heat and mass transfer near the CO2 hydrate decomposition interface is 
measured. As a results, it is verified that the generality of the evaluation for the rate-determining process of decomposition by 
measuring the transient heat and mass transfer near the gas hydrate interface. 
 In this study, the decomposition process of gas hydrate is estimated to be reaction-limited condition by the decomposition model 
considering the effects of heat and mass transfer and experimental measurement. In addition, the activation energy of hydrate 
decomposition in this study is estimated to be smaller than the literature value of Clarke and Bishnoi, which excludes the effect of 
mass transfer. This result suggests that it is necessary to consider the effect of mass transfer for gas hydrate decomposition in the gas 
phase. However, this study has some assumptions in the construction of the decomposition model, such as decomposition proceeds in 
the gas phase, the representative length is hydrate particle diameter, hydrate decomposes quiescent fluid, and the driving force for 
decomposition is the pressure difference. In addition, although the mass transfer coefficient depends on the diffusion coefficient related 
to the methane mole fraction, the particle diameter and Sherwood number are assumed to be constant. 
 In the actual decomposition of methane hydrate in the seafloor, a flow or an advection may be generated near the hydrate interface 
and the Sherwood number will be change, which may contribute to the mass transfer coefficient and the rate constant for the overall 
decomposition. In this study, it is assumed that the minimum value of Sherwood number in the Ranz–Marshall equation (Sh = 2), that 
means the mass transfer resistance in the rate constant for the overall decomposition is the maximum condition. If the flow is occurred 
near the interface, the effect of mass transfer resistance is smaller than the assumption in this study. Therefore, the conclusions of this 
dissertation can be applied to the decomposition in the gas phase under the above assumptions, and further improvement of the 
decomposition model will be necessary when flow is considered. 
 From the above, quantitative measurement of transient heat and mass transfer phenomena in the vicinity of gas hydrate 
decomposition interface and elucidation of rate-determining process are achieved in this dissertation. The results of this dissertation are 
contributed to elucidate the decomposition mechanisms and develop precise numerical models for hydrate decomposition 
phenomenon. 
 The author hopes that fundamental studies and applications described in this dissertation will contribute to further the development 
of heat and mass transfer studies on gas hydrate decomposition and its applications. 
 
 
 
